a b s t r a c t SABRE (Signal Amplification By Reversible Exchange) is a nuclear spin hyperpolarization technique based on the reversible concurrent binding of small molecules and para-hydrogen (p-H 2 ) to an iridium metal complex in solution. At low magnetic field, spontaneous conversion of p-H 2 spin order to enhanced longitudinal magnetization of the nuclear spins of the other ligands occurs. Subsequent complex dissociation results in hyperpolarized substrate molecules in solution. The lifetime of this complex plays a crucial role in attained SABRE NMR signal enhancements. Depending on the ligands, vastly different dissociation rates have been previously measured using EXSY or selective inversion experiments. However, both these approaches are generally time-consuming due to the long recycle delays (up to 2 min) necessary to reach thermal equilibrium for the nuclear spins of interest. In the cases of dilute solutions, signal averaging aggravates the problem, further extending the experimental time. Here, a new approach is proposed based on coherent hyperpolarization transfer to substrate protons in asymmetric complexes at high magnetic field. We have previously shown that such asymmetric complexes are important for application of SABRE to dilute substrates. Our results demonstrate that a series of high sensitivity EXSY spectra can be collected in a short experimental time thanks to the NMR signal enhancement and much shorter recycle delay.
Introduction
A widespread interest in hyperpolarization as a tool to overcome the sensitivity limitations of NMR spectroscopy has emerged over the last decade. Most popular hyperpolarization techniques in solution include dissolution dynamic nuclear polarization (dissolution DNP) [1] [2] [3] , para-hydrogen induced polarization (PHIP) [4] [5] [6] [7] [8] and, recently introduced, Signal Amplification By Reversible Exchange (SABRE) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Particularly, SABRE has attracted a great deal of attention due to the fast hyperpolarization (compared to dissolution DNP) and because it does not require chemical conversion of the substrates under investigation (such as in PHIP). SABRE provides enhanced nuclear spin polarization for small molecules in solution, based on their reversible interaction with para-hydrogen (p-H 2 ) at an iridium metal center. When such transient metal complex is formed at low magnetic field, transfer of spin order from the p-H 2 -derived hydrides to the nuclear spins of the substrate molecule occurs via scalar couplings, resulting in strongly enhanced nuclear magnetization. Dissociation of the complex produces hyperpolarized substrate molecules in solution. The attainable NMR signal enhancement results from the interplay of scalar coupling interactions, longitudinal relaxation and lifetime of the transient metal complex [22, 23] . Previous studies on SABRE complexes have revealed large variations in substrate dissociation rates [24, 25] depending on the N-heterocyclic carbene (NHC) ligands. Also the structure of the substrates in the equatorial plane strongly influences the complex dissociation rate. For the first (symmetric) NHC-complex used, [Ir(IMes)(pyridine) 3 (H) 2 ]Cl (IMes = (1,3-bis (2,4,6-trimethylphenyl)imidazole-2-ylidene)) relatively high pyridine dissociation rates ($12 s À1 at 300 K) were determined [10] , reflected by polarization levels up to P( 1 H) = 8% for pyridine paraprotons [10] , and P( 15 N) = 24% for 15 N-labeled pyridine [19, 20] . In contrast, the dissociation rate drops to $0.2 s À1 for asymmetric Ir (IMes) complexes containing a unit of 1-methyl-1,2,3-triazole (mtz) in the equatorial plane; as previously reported, this slower exchange strongly affects the maximal observed NMR signal enhancement [15] .
The determination of the substrate exchange rate requires acquiring a series of 2D EXSY experiments for different durations of the exchange period D. Alternatively, the same information can be obtained by measuring a series of 1D spectra at variable durations of D after selective magnetization inversion of the protons of unbound substrate. In both approaches the integrals of the free and bound substrate signals are fitted to the equations describing the exchange of longitudinal magnetization as a function of D (see further, Eq. (4)). In general, acquisition of such an exchange series is time consuming because of the long recovery delay necessary to attain thermal equilibrium at the beginning of each transient. Experiment times of 24 h or longer are not uncommon for substrates at sub-millimolar concentrations; such longterm stability requirement can represent a problem for some asymmetric Ir(IMes) complexes in solution.
Here, we present a more efficient approach for the determination of the substrate dissociation rate, based on the hyperpolarization of the hydrides in the iridium complex at high magnetic field. Para-hydrogen induced hyperpolarization has been previously exploited to investigate methal hydride exchange [26, 27] . Here, enhanced substrate proton magnetization is obtained after a COSY-type coherence transfer from the hyperpolarized hydrides. We have previously shown that such COSY transfer can be applied to asymmetric iridium complexes, and allows rapid acquisition of NMR spectra for substrate molecules at sub-lM concentrations [28] . In a similar fashion, a magnetization transfer from the p-H 2 enhanced hydrides to 15 N-labelled pyridine was previously employed to investigate Crabtree complex dissociation rates [29] . We have extended this approach to the general case of unlabeled SABRE-substrates and show that incorporating such hyperpolarization scheme into 1D EXSY experiments allows fast recording of a complete exchange series. This NMR method was tested using pyridine as a model substrate at sub-mM concentration for two different iridium metal complexes.
Theory

Spin system
Hydrogenation of complex precursor [Ir(NHC-X)(COD)Cl] in the presence of an excess of substrate (sub) produces the octahedral SABRE complex [Ir(NHC-X)(H) 2 (sub) 3 ]Cl, with two chemically equivalent hydrides occupying the symmetric equatorial plane (NHC-X denotes the IMES or SIMES = (1,3-bis(2,4,6-trimethylphe nyl)-4,5-dihydroimidazole-2-ylidene) carbene ligands). The loss of magnetic equivalence within p-H 2 upon association to this metal complex allows for the conversion of the singlet order into enhanced longitudinal magnetization on the substrate protons. Note that this process occurs efficiently only if matching conditions are realized, as previously reported both at low and high magnetic field [30] [31] [32] [33] .
Alternatively, hyperpolarization via cross-relaxation has been demonstrated as a mechanism for SABRE at high magnetic field [34] . We have recently shown that at high magnetic field a COSY-type polarization transfer to substrate protons is also possible, albeit within asymmetric SABRE complexes [28] . Such complexes can be formed upon metal binding of a second substrate in the equatorial plane, resulting in the chemical inequivalence of the hydrides. In Fig. 1A the structure of the asymmetric [Ir (IMes)(H) 2 (py)(mtz) 2 ]Cl and [Ir(SIMes)(H) 2 (py)(mtz) 2 ]Cl complexes are sketched, obtained in the presence of pyridine (py) and a large excess of mtz as a second substrate.
NMR
P-H 2 spin order can be converted into enhanced in-phase hydride signals using a SEPP [35] (selective excitation of polarization using PASADENA [36] ) pulse scheme, where the upfield hydride H A (spin I A ) is selectively excited with a shaped 90degree pulse followed by a period d 1 (Fig. 1B) to refocus the antiphase coherence with respect to hydride H X (spin I x ). Therefore, the duration of the refocusing period d 1 should be taken as an odd multiple of 0.5/J AX . During the same period anti-phase coherence with respect to the substrate protons is created. As previously reported, for pyridine-like compounds this process involves mainly the ortho protons M via a long-range 4 J AM coupling of approximately 1.2 Hz [37] . A pair of selective 90-degree pulses realizes a COSY-type transfer to the aromatic protons M (spin I M ). In the following period of duration d 2 , H M antiphase coherence with respect to hydride H A is refocused to produce in-phase magnetization. Note that the refocusing 180 degree pulse is selectively applied on the ortho protons H M to prevent further dephasing due to scalar couplings to other aromatic protons (i.e. meta and para aromatic protons). In-phase coherence is converted to enhanced longitudinal magnetization of bound ortho protons; during the following period of variable duration D, substrate loss results in enhanced longitudinal magnetization of the ortho protons of substrate molecules free in solution. After this period, acquisition of the signals of ortho protons, both in free and bound form takes place. After bubbling p-H 2 through the solution at high magnetic field, the coherence flow can be described by means of product operator formalism as:
Although in principle several processes can affect the evolution of the proton magnetization during the exchange period D (see Results and Discussion), only two NMR signals are observed in the High-Field hyperpolarization-EXSY experiment, corresponding to the ortho protons of pyridine in the bound-and in the free form. Therefore, the evolution of the magnetization was modeled assuming a simple two-sites exchange process, described by: ortho protons (M) in the bound and free form, respectively. The notation ''B" and ''F" refers to the bound and free states of the substrate molecules, respectively. The symbols k diss and k ⁄ ass denote the rate constant for dissociation and the pseudo-rate constant for association of the substrate to the iridium complex, respectively. Please, consider that while the k diss rate constant refers to a well defined first order dissociation process, the pseudo-rate constant for the reverse pathway (i.e. association) is not as straightforward to interpret, as it refers to a complex, multistep process.
The magnetization of the bound form at the beginning of the exchange period D is ca. 100 times larger than thermal magnetization. Eq. (2) describes the redistribution (and the decay) of this enhanced magnetization between bound and free form. Because of the phase cycling employed in this experiment, only signals originating from hyperpolarized hydrides are selected. Therefore, association of not-hyperpolarized pyridine to the iridium complex, as well as not-hyperpolarized substrate loss are not observed in the present experiment. Solution of (2) provides the time evolution of the longitudinal magnetization of the ortho protons during the period D:
In order to determine the exchange parameters, a series of hyperpolarized spectra at different duration of D must be acquired. Fitting the signal integrals of the protons M as a function of D using Eq.
(3) provides exchange, as well as relaxation parameters. The solution of Eq. (2) in the case of a selective inversion experiment has the same functional form as (3):
Note that the contribution of thermal magnetization is missing in Eq. (3). This is due to the phase cycling employed in the high field hyperpolarization-EXSY pulse scheme (see Fig. 1B and caption).
Results and discussion
As discussed in the previous section, the high-field hyperpolarization-EXSY experiment requires bubbling p-H 2 into the sample at the beginning of each transient for a period sufficiently long to maximize the enhancement of the hydrides (typically between 500 and 1000 at room temperature for asymmetric complexes containing mtz as co-substrate). After bubbling, hydrides spin order is converted into enhanced longitudinal magnetization of the ortho-protons of the substrate using a refocused COSY-type transfer. The substrate magnetization enhancement is strongly dependent on the long-range scalar coupling interactions and on proton relaxation in the complex. Furthermore, complex dissociation during the refocused COSY transfer determines a reduction in the attained enhanced longitudinal magnetization. For the system investigated in the present work, the hyperpolarization transfer occurred via a long-range coupling of ca. 1.2 Hz, producing magnetization enhancements between 50 and 100 for the aromatic protons in the bound form. However, transfer schemes similar to the one proposed here have been previously implemented employing scalar coupling as small as ca. 0.4 Hz [37] . During the following time period D exchange of longitudinal magnetization occurs, reflecting the possible dissociation pathways of complexes (1) and (2) . As far as H 2 loss is concerned, a number of detailed studies [10, 25] on SABRE complexes has indicated this process does not occur via direct dissociation. Rather, H 2 loss is a multistep process that requires substrate dissociation and formation of a short-lived methanol adduct to proceed. Therefore, for the systems here investigated, the pathway leading to H 2 loss is not observable with the proposed scheme and does not need to be further considered. An additional dissociation pathway is represented by mtz loss from (1) and (2) which would lead to the formation of a methanol adduct containing hyperpolarized substrate. However, previous studies [25] have demonstrated that the population of such adduct is low (ca. 1%) when the ligand excess is large, as in the present case (1:15) . The experimental observation that no NMR signal is observed other than the ones corresponding to bound and free substrate protons, confirms that the concentrations of other complexes containing hyperpolarized substrate is negligible for the systems under investigation.
High-field hyperpolarization-EXSY experiments were performed on complexes (1) and (2) at different durations of the exchange period D for a total experiment time of ca. 10 min per series. The signals of the ortho-protons for both free and bound pyridine obtained with the high-field hyperpolarization-EXSY pulse scheme in the case of complex (2) are shown in Fig. 2A for increasing duration of the delay D. Although these NMR experiments were conducted on a relatively dilute solution of pyridine (250 lM), a high signal-to-noise ratio was obtained, thanks to the sensitivity offered by hyperpolarization. In order to obtain quantitatively accurate data it is crucial that a steady state is 1) and (2) respectively). The conversion of longitudinal spin order from hydride A to magnetization of ortho-protons of pyridine, here taken as a model substrate, is indicated by the red lines. (B) High-Field hyperpolarization-EXSY pulse scheme for the determination of the substrate dissociation rate. The experiment makes use of a high-field hyperpolarizationt transfer from p-H 2 derived hydrides to the ortho-protons of pyridine. d 1 = 183 ms; d 2 = 100 ms. The coherence flow along the pulse scheme is illustrated in the main text. Relevant product operators at specific time points are indicated; note that the indices A and X refer to hydrides, while M denotes substrate protons. Phase cycling: / 1 = x, Àx; / 2 = 2(x), 2(Àx); / 3 = 4(x), 4(Àx); / 4 = 8(y),8(Ày); / rec = x, Àx, Àx, x, 2(Àx, x, x, Àx), x, Àx, Àx, x. Shaped pulses are eburp-1 for excitation, and reburp for refocusing/inversion. Greyed out reburp pulses are selectively applied to ortho-protons (bandwidth 450 Hz). Squared blocks indicate pulse-field gradients. P-H 2 was typically bubbled for 5 s, for a total interscan delay of 6 s. reached at the beginning of each transient, irrespective of the duration of the exchange period D. We found that this condition was met only when the sample was bubbled with p-H 2 (51%) for at least 5 s at the beginning of each transient. Signal integrals from the high field hyperpolarization series for complexes (1) and (2) are displayed in Fig. 2B as a function of the delay D, together with the curves obtained by fitting the experimental data with Eq. (3). Kinetic and relaxation parameters obtained as averages from five consecutive measurements are displayed in Fig. 2 ; these values are in good agreement with previous estimates [15] from selective inversion experiments. The faster dissociation in complex (2) allows for more efficient p-H 2 binding to the complex and hyperpolarization transfer to free pyridine. This is reflected in the observed signal increase for free pyridine, compared to complex (1) .
Note that the fitting parameters relative to the free form (e.g.
longitudinal relaxation rate q F and association pseudo constant k ⁄ass ) are somewhat less well defined, particularly in the case of complex (1), for which a slower exchange kinetics was determined [15] . This results from the fact that only the dissociation pathway is well monitored by this experiment, as only substrate protons in the bound form can be hyperpolarized via COSY transfer from the hydrides. Conversely, the contribution of the reverse pathway (e.g. association) is less important, particularly for short durations of the exchange period D at which the concentration of unbound hyperpolarized substrate is very low. This is not the case for the standard selective-inversion experiment, in which both pathways (dissociation and association) contribute to the observed signal in a comparable fashion.
Conclusions
We have presented an efficient approach for the experimental determination of the substrate dissociation rate in asymmetric SABRE complexes. The proposed experiment does not require 15 N labeling of SABRE substrates and can be efficiently applied to dilute solutions. This technique was tested using pyridine as model substrate, in combination with mtz as co-substrate and iridium-IMes or iridium-SIMES as metal complexes. For the model system (pymtz) here considered, values of $0.19 s À1 and 0.66 s À1 were obtained for pyridine dissociation rate in Ir(IMes) and Ir(SIMes), respectively, which is in agreement with previously reported estimates [15] . The proposed approach has been successfully applied for dissociation rates ranging between ca. 0.1 s À1 and 3 s À1 ; for much slower dissociation processes, longitudinal relaxation of the substrate proton magnetization strongly limits the transfer of magnetization to the free substrate. Conversely, for much faster complex dissociation rates the efficiency of the COSY-transfer Dissociation rates of 0.19 s À1 and 0.66 s À1 were obtained for pyridine in the complexes (1) and (2), respectively, from the fits of five consecutive measurementes. All NMR experiments were performed on a Varian UnityInova spectrometer operating at 500 MHz, 1 H resonance frequency. drops, reducing the experiment sensitivity and the gain offered by hyperpolarization.
We have previously demonstrated that asymmetric complexes are important to detect and quantify dilute N-heteroaromatic compounds in solution via high-field p-H 2 hyperpolarization chemoselective experiments [38, 39] . The combination of NMR signal enhancement and short recycle delay has allowed acquisition of a complete series of hyperpolarization-EXSY experiments within 10 min at sub-mM substrate concentration, a ca. 100-fold reduction in experimental time compared to standard approaches. The applicability of the experiment presented here is not limited to N-heteroaromatic substrates, but it is expected to work on other classes of compounds capable of weakly associate to the iridium center, such as Schiff Bases [40] , diazirines [41] , and sulfur-based heterocycles [42] . Furthermore, in the context of hyperpolarization the experiment could be adapted to investigate SABRE enhancement of other nuclear spins [43] [44] [45] .
Experimental
Chemicals
[Ir(IMes)(COD)Cl] (IMes-p), [Ir(SIMes)(COD)Cl] (SIMes-p) and 1methyl-1,2,3-triazole (mtz) were synthesized according to published methods [46, 47] . Pyridine (py) and methanol-d 4 were purchased from Sigma-Aldrich and Cambridge Isotope Laboratories, respectively, and used as supplied. Para-hydrogen (p-H 2 ) was prepared by cooling normal hydrogen gas (purity 5.0) down to 77 K in the presence of activated charcoal. The resulting 51% enriched p-H 2 was transferred to an aluminum cylinder with an adjustable output-pressure valve.
Sample preparation
Active SABRE complexes [Ir(IMes)(H) 2 (mtz) 2 (py)]Cl (1) and [Ir (SIMes)(H) 2 (mtz) 2 (py)]Cl (2), (see Fig. 1A ) are formed upon hydrogenation of IMes-p, and SIMES-p, respectively, dissolved in methanol-d 4 to a concentration of 1.2 mM, in the presence of 18 mM mtz and 250 lM py.
Bubbling setup
Solutions were transferred to a 5 mm Wilmad quick pressure valve NMR tube sealed with an in-house built headpiece to which three PEEK tube lines are connected. At the beginning of each transient the headspace above the sample was depressurized to 4 bar through a vent line (250 ms), allowing efficient bubbling of p-H 2 (5 s) through the solution to a final pressure up to 5 bar. A backpressure was applied to quickly stop the bubbling (500 ms), followed by a recovery delay of 200 ms prior to the NMR pulse sequence. The vent-, bubble-, and backpressure delays are spectrometer-controlled through solenoid valves connected to the console.
NMR experiments
NMR experiments were carried out on a Varian Unity INOVA spectrometer equipped with a cryo-cooled insert, operating at a proton resonance frequency of 500 MHz. After full activation of the complex precursor (ca. 2 h for (1) and 15 min for (2)), the high-field hyperpolarization EXSY series was acquired with four transients per experiment, randomizing the order of acquisition with respect to the D delay. Signal integrals were fitted with Eq.
(3) using in-house written routines implemented in Octave [48] .
